The Bunter Sandstone Formation in the Southern North Sea is a regional saline aquifer that extends across the median line between UK and Netherlands territorial waters. Numerical simulations of CO 2 injection into a brine-saturated structural closure located in the UK sector have modelled the temporal development of an injection-induced pressure footprint, together with the potential role of faults in brine migration and pressure dissipation in the aquifer. The modelled pressure footprint extends into the Netherlands Sector and if the faults are considered migration pathways, brine expulsion rates of the order of 50 m 3 /day/km y y 2 could be expected along the fault zones. This is equivalent to just over 10 5 Ml, during a 50 year injection period, of which approximately 40 % is expelled along a fault beneath Netherlands territorial waters. The simulations have shown that brine displacement will facilitate CO 2 injection into the Bunter Sandstone by alleviating pressure build-up, but an understanding of potential brine migration pathways, rates and environmental impacts must be demonstrated to regulators prior to injection.
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Abstract
The Bunter Sandstone Formation in the Southern North Sea is a regional saline aquifer that extends across the median line between UK and Netherlands territorial waters. Numerical simulations of CO 2 injection into a brine-saturated structural closure located in the UK sector have modelled the temporal development of an injection-induced pressure footprint, together with the potential role of faults in brine migration and pressure dissipation in the aquifer. The modelled pressure footprint extends into the Netherlands Sector and if the faults are considered migration pathways, brine expulsion rates of the order of 50 m 3 /day/km y y 2 could be expected along the fault zones. This is equivalent to just over 10 5 Ml, during a 50 year injection period, of which approximately 40 % is expelled along a fault beneath Netherlands territorial waters. The simulations have shown that brine displacement will facilitate CO 2 injection into the Bunter Sandstone by alleviating pressure build-up, but an understanding of potential brine migration pathways, rates and environmental impacts must be demonstrated to regulators prior to injection.
Introduction
If CO 2 storage is to be deployed at a commercial scale in the UK, large offshore saline aquifers will become targets once depleted hydrocarbon structures have been filled. In this case, pressure effects and brine displacement beyond the boundaries of the CO 2 plume will be important [1] , particularly in formations such as the Bunter Sandstone, which is confined above and below by a thick, highly impermeable caprock sequence. Consequently, in formations that span international boundaries, the effect of potential CO 2 injection on neighbouring This study models the effect of CO 2 injection into the Bunter Sandstone in the UK sector of the Southern North Sea, close to the median line with the Netherlands. It describes a hypothetical injection scenario into a geological model of a rock volume in part of UK Block 44, and Netherlands block D (Fig  1) . The rock volume modelled lies beneath a marine protected area -the Dogger Bank Special Area of Conservation (SAC), a special habitat of shallow submarine sandbanks. The goal of the study was to determine the potential cross-border effects of CO 2 storage in the UK sector close to the median line with the Netherlands. The potential for displaced brine migration to seabed and the development of a pressure footprint in the Netherlands sector were examined. It is not yet clear to what extent CO 2 storage permit areas should include the pressure footprint beyond the maximum extent of CO 2 plume migration (which may be very large but transient). However, Netherlands law prohibits changes to the subsurface pressure regime without a licence.
A 3D static geological model of the potential storage reservoir and surrounding strata was constructed using PETREL. The model was based on a detailed interpretation of 3D seismic data complemented by UK and Netherlands well data. It -part with detailed structure and reservoir heterogeneity around the hypothetical injection well. The remaining of the model includes faults and other structural features, but was assigned homogeneous reservoir properties. Dynamic simulations of CO 2 injection into this model were run using ECLIPSE, a commercial multiphase reservoir simulator, to explore near-wellbore pressure effects. These are compared with dynamic simulations run using a single-phase groundwater flow model, ZOOMQ3D [2] . ZOOMQ3D s faster computational run times allowed a sensitivity analysis of far-field effects over the entire regional model, in particular the sensitivity of brine flux to the seabed via faults to potential fault properties.
Methods : Geology and models

Study area and input data
Fifty-eight UK and 30 Netherlands wells have been drilled in the area of interest, mainly for hydrocarbon exploration in the Lower Permian Carboniferous reservoirs beneath the Bunter Sandstone. There are 8 wells within the -area (Fig 1b) and those with suitable geophysical logs were interpreted to determine net to gross ratios and porosity. The location of 3D seismic reflection data used is shown in Fig 1b. 
Stratigraphy of the Bunter Sandstone and surrounding strata
The Bunter Sandstone is between 80 and 150 m thick in the study area. It is underlain by the Bunter Shale Formation and evaporites of the Zechstein Supergroup, which are expected to form an effective seal at the base of the reservoir. The Bunter Sandstone is overlain directly by a thin mudstone (known as the Solling Formation in Netherlands stratigraphical nomenclature). In the Netherlands sector this unit has a porosity of 2.7 % and a permeability of 0.0065 mD (4.2x10 -7 m/d) [3] . A salt unit known as the Röt Halite immediately overlies the Solling Formation which is assumed to be completely impermeable. Above these units a thick succession of mudstone, halite and anhydrite make up the remainder of the Haisborough Group, which is generally in excess of 200m thick [4] .
Towards the eastern margin of the model, the Base Cretaceous Unconformity cuts down into the Triassic succession so that, in parts of the Netherlands sector, Early Cretaceous mudstones (equivalents of the UK Cromer Knoll Group) rest unconformably on the Bunter Sandstone. These strata provide an effective seal to natural gas in the Orwell gas field (UK block 50/26). Further east, the Bunter Sandstone is truncated against the Cleaver Bank High by the same unconformity.
Geological structure in the study area
Interpretation of seismic data revealed four Bunter Sandstone closures in the region of interest. The near-well model focused on the largest of these, located mostly in block 44/19. This is a periclinal closure approximately 10 km across. Its spill point (lowest closing contour) is about 4.5 km west of the UK-Netherlands median line. There are no seismically resolvable faults affecting the Bunter Sandstone or the immediate caprock over the pericline.
The northern and western parts of the area include fault zones, which may or may not act as barriers to fluid flow and the pressure front. These faults could provide potential migration pathways to the seabed or shallower stratigraphic units. Some of these features appear to be associated with salt walls or salt-filled fracture zones, through which it seems unlikely that fluids could pass laterally. However, due to their complexity, the vertical hydraulic properties of these faults are regarded as a significant uncertainty in the model. A major NW-SE-oriented salt wall up to 45 km in length and 5 km in width is present to the south of the study area, the northern part of which is shown in Figure 1b . This is expected to provide a natural flow barrier to the south and west of the area of interest. Two major faults have been mapped in the Netherlands Sector of the area of interest, which on seismic reflection data appear to be linked and extend up to the sea bed. The faults and salt features described above are included in the model. In the sensitivity analysis the faults are treated as either sealing (in which case they could act as pressure/fluid flow barriers) or non-sealing (in which case they could act as potential conduits to the sea bed) in order to examine possible pressure and brine displacement effects, including potential brine fluxes to the sea bed.
Some 115 km west and southwest of the area of interest the NW-SE trending Dowsing Fault Zone (Fig  1a) has significant fault displacements, which may juxtapose the Bunter Sandstone with mudstone units. The Bunter Sandstone east of this zone is characterized by very high salinities and periclines formed above Zechstein salt domes [5] . This zone is used to delineate the ZOOMQ3D model boundary.
Reservoir properties of the Bunter Sandstone in the study area
The Bunter Sandstone is composed of heterogeneous sheet-flood-dominated sandstones and fluvial clastic sediments deposited on an alluvial braidplain [6, 7] . The distributions of reservoir properties are dependent on the original lithology, which was subsequently affected by sediment re-working and diagenetic processes. Reservoir properties are therefore highly variable and difficult to predict with confidence. However detailed log correlation is possible in the near-well model area, indicating that persistent sub-horizontal layering is prevalent through the unit.
No core samples are available from the Bunter in the area of interest. The log-derived average porosity in the near-well area is 17% and the average net to gross ratio is 0.7. Porosity measurements from regional core sample analyses show significant scatter around an arithmetic mean value of 19 % within a range of 2 % to 35 %. For the same data set, the geometric mean permeability (to air) is 41 mD (0.0652 m/d), with the full range of values covering several orders of magnitude (0.01 10000 mD; 6.4x10 -5 6.5 m/d). Vertical permeability values are approx 30 % lower than the horizontal permeabilities. There is no clear trend between porosity and depth. Halite and anhydrite cements are common.
The -well static geological model
A 16 x 17 km eargeological model was built over the largest Bunter Sandstone closure in the area of interest (50 m horizontal cell resolution). Depth to the crest of this structure is 1670 m. The top and base of the Bunter Sandstone were interpreted from the 5 wells with geophysical logs in the model area. The well picks were extended throughout the model based on interpreted 3D seismic data and depth converted using a simple layer-cake velocity model. Reservoir thickness is on average 111 m and it was divided vertically into 7 zones, based on correlations between Netherlands stratigraphic nomenclature and the Caister B field [8, 7] in the 5 wells. The basal zone (zone 7) is a relatively thin shaley unit, overlain by a fairly thick homogeneous cleaner sandstone unit (zone 6), most likely composed of sheetflood deposits. Above this, zones 5 1 are thinner and more mixed units which may have been deposited in braided river channels. Each zone was subdivided into layers, to give 68 vertical cells c. 2m thick. In total the near-well model has 7.7 million cells. This allowed incorporation of as much geological detail as possible, given the resolution and distribution of the input data.
Porosity and shale volume were interpreted from logs in the 5 wells and upscaled into the model grid. The grid was populated with porosity using stochastic modelling with large variograms, reflecting the fact that geophysical logs can be readily correlated between wells and geological properties are likely laterally consistent. The grid was populated with permeability using a regional core porosity permeability relationship. The arithmetic average porosity of the model was 13% (range 0 36.2%), and the geometric mean permeability was 7.3 mD (range 0.0065 -8995 mD).
The regional static geological model
In order to model the far-field pressure effects a grid was built over a much larger area, from the eastern limit of the Bunter to the Dowsing Fault Zone (~160 km x 230 km). order to reduce the cell count for dynamic modelling. This gridding scheme allowed for a close-spaced grid in the near well zone (333 m cells), with progressively larger cell size (1 km, 3 km and 9 km) further away (Fig 2b) . Top and Base Bunter Sandstone surfaces were extended by extrapolating between well and seismic data.
This regional model also included a layer of 2 cells above the reservoir to represent the Solling Formation caprock. These were assigned a 42 m thickness in total, based on the average thickness of the Solling across the near-well model area, and assigned the average property values from Spain & Conrad, [3] (Section 2.3). The vertical gridding in the regional model incorporated thin cells towards the top of the reservoir to allow a thin buoyant CO 2 tongue to be resolved. Porosity and permeability properties from the detailed near-well geological model were upscaled into the regional model using a proprietary PETREL flowbased algorithm to give permeabilities in x,y,z direction (fig 2a) . Outside the near well zone homogenous porosity and permeability values were assigned based on either the near well average or the geometric mean of measured coreplug porosity and permeability values (see Table 1 ). In reality a gradient between the two is likely, however a detailed study is outside the scope of this contribution.
Model boundaries were assumed to be closed (due to Bunter Sandstone being absent, or the presence of the Dowsing Fault Zone). Cells penetrated by the faults or salt walls described in section 2.2 ( Figure  1b) were included in the model and set to open or closed in order to address uncertainty regarding pressure compartmentalisation.
Four model iterations were run to represent scenarios (Table 1 ). In models 1 and 2, the porosity is the arithmetic mean of the upscaled near-well model and permeability is the geometric mean of the upscaled near-well model. In models 3 and 4, the porosity is the arithmetic mean of all UK Bunter Sandstone core data and permeability the geometric mean of all UK Bunter Sandstone core data. Table 1 showing 4 model iterations with differing homogeneous properties used to populate the outer grid cells.
Results : Dynamic simulation
ECLIPSE dynamic model
The four regional PETREL static models described in Table 1 were imported into ECLIPSE 300 to run the CO 2 injection simulations. The aim was to provide pressures and pressure change information from the four models just outside the CO 2 plume extents (i.e. in the single phase brine saturated zone) to use as input in the ZOOMQ3D simulations. Model parameters and pressure outputs were matched in the two software packages where possible, to allow for comparison between the two codes.
CO 2 injection was simulated through one well, downdip of the dome crest in a high permeability region (Figure 1b ). An injection rate of 1.5 Mt/yr was used over the full height of the reservoir. This was modelled for 50 years injection, followed by 150 years relaxation (i.e. 200 years in total). Pressure responses after 50 years (end of injection) are displayed in Figure 3 . This shows that the maximum pressure change occurs at the injection well in all models (Figure 3a) and ranges from ~9 MPa in model 1 to 4.6 MPa in model 4. From Figure 3 it appears that the overall size or footprint of the area affected by a pressure change is somewhat similar for each model (because of the colour scaling). However the width of the footprint through the injection well where the pressure drops to < 0. Models 1 and 2 have lower near-well porosity and permeability than models 3 and 4, which were populated with the higher regional core data averages. These models thus r well zone, with a smaller pressure footprint. However, because the pressure footprint is smaller, the potential area that could be affected by brine migration is reduced. The presence of faults acting as barriers restricts the pressure footprint (models 1 & 3), compared to the scenarios where they are absent (2 & 4) . In all model runs, the pressure plume extends into the Netherlands sector, and had not significantly dissipated after 200 years (because the model has closed boundaries). Maximum pressure changes in the Netherlands Sector are~7.9 MPa and ~3.2 MPa for models 1 and 4 respectively, at 50 years from the start of injection.
ZOOMQ3D M M dynamic model
The ZOOMQ3D model [2] is a simple one-layer model with the aquifer top and base defined by the thickness of the sandstone. The model uses a coarse grid with a 2500 m cell size over the wider extent and a refined grid with a 500 m cell size closer to the area of interest (Figure 4a) . As far as possible, the same model parameters and injection scenarios were used as for ECLIPSE model 4 ( Table 1) : injection of 1.5 Mt/yr CO 2 through 1 well (adjusted groundwater equivalent 6 Ml/d) for 50 years with no-flow boundaries and confined aquifer conditions. Pressure data at two observation boreholes (OBH 1 and OBH2 ( Figure  1b) ) were used to validate modelled pressure data against ECLIPSE outputs. Model 4, where the outer model is populated using the regional core data averages, gave the best match (Figures 3d and 4b) .
Model 4 was used to assess the extent of pressure build up due to CO 2 injection and to assess the potential for displacement of brine out of the system. The displacement pathways considered here are faults. Future work plans include studies of abandoned wells as pathways. In model 4.1 (Figure 4c ), the faults are modelled as barriers to groundwater flow (Table 2) (Figure 4d ). At OBH2 groundwater heads are increased by less than 15 m (0.15 MPa) after the 50 yrs injection period as the fault acts as a displacement pathway for pressure dissipation. A similar effect is observed as a result of brine displacement up the fault in the Netherlands. Maximum pressure heads in the Netherlands sector are only 200 m (1.96 MPa), less than half those seen in model 4.1. However significant brine displacement along the fault paths is observed ( Figure 5) , with approximately 107000 Ml (1.21 x10 11 kg) expelled through both faults during the 80 year simulation period. That is equivalent to 98% of the originally injected volume. Maximum displacement rate is almost 6 Ml/d (2.19 million m 3 /yr). Note that 6
Ml/day is the adjusted groundwater equivalent amount of CO 2 injected into the system). Figure 5a shows the time lag for the modelled surface expulsion rate to tend towards the injection rate. This time lag is due to brine and rock compressibility. Total brine expelled at the seabed along the fault within the Netherlands sector is ~45,000 Ml (5.1x10 10 kg) during the 80 year simulation period with a maximum expulsion rate of nearly 2. 
Conclusions
With 1.5 Mt/yr injection through 1 well for 50 years, the maximum pressure increase in the scenarios modelled was 9.2 MPa at the injection well. The pressure footprint extends into the Netherlands Sector, with maximum pressure increases of 2-8 MPa at, or shortly after, the end of the injection period. Sensitivity analyses to the bulk reservoir porosity and permeability found that using lower values increased the maximum pressure changes but reduced pressure footprint size. Sensitivity analyses of the vertical conductance (permeability) of the faults produced seabed flux rates of expelled brine of the order of 70-80 m 3 /d/km 2 . The maximum modelled expulsion rate from faults is ~6 Ml/d (2.19 million m 3 /yr, of which almost 2.5 Ml/day (0.91 million m 3 /yr) is from the fault in the Netherlands sector. This is a relatively small amount compared with the 175 million m 3 of produced brine released into the UK sector of the North Sea in 2011 [9] . However, brine emerging from a fault might mix less quickly with surrounding seawater and therefore could potentially have a greater ecological impact. Increasing the vertical hydraulic conductivity of the faults allows increased brine displacement but lowers the size of the pressure footprint by more than half in the scenarios modelled (from 84 to 38km). Brine displacement up faults alleviates pressure build up in the same way that pressure management wells facilitate CO 2 injection. However, although displacement rates can be estimated through modelling, an understanding of potential environmental impacts may need to be demonstrated to regulators. Future work on the impact and dispersion of brine in the seawater is planned along with investigations of potential brine displacement or leakage via other pathways including abandoned wells. Results suggest that if CO 2 injection is carried out near the UK median line in the Bunter Sandstone at the modelled location, pressure perturbations of several MPa will occur in the Netherlands subsurface for which a license would be required in addition to a UK storage permit.
